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Abstract

Neurofibromatosis type 1 (NF1), neurofibromatosis type 2 (NF2), and schwannomatosis (SWN) are three clinically distinct
tumor predisposition syndromes with a shared tendency to develop peripheral and central nervous system neoplasms. Disease
expression and complications of NF1, NF2, and SWN are highly variable, necessitating a multidisciplinary approach to care in
order to optimize outcomes. This review will discuss the imaging appearance of NF1, NF2, and SWN and highlight the important
role that imaging plays in informing management decisions in people with tumors associated with these syndromes. Recent
technological advances, including the role of both whole-body and localized imaging strategies, routine anatomic and advanced
magnetic resonance (MR) imaging sequences such as diffusion-weighted imaging (DWI) with quantitative apparent diffusion
coefficient (ADC) mapping, and metabolic imaging techniques (MR spectroscopy and positron emission testing) are discussed in
the context of the diagnosis and management of people with NF1, NF2, and SWN based on the most up-to-date clinical imaging
studies.
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Malignant peripheral nerve sheath tumor (MPNST)

Introduction

Neurofibromatosis type 1 (NF1), neurofibromatosis type 2
(NF2), and schwannomatosis (SWN) are three tumor predis-
position syndromes that share a tendency to develop multiple
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peripheral and central nervous system (CNS) neoplasms (be-
nign and malignant). Radiology plays a vital role in the diag-
nosis and management of people with these syndromes.
Imaging is part of the diagnostic criteria in some way for all
three syndromes (its role is most explicit for NF2 for the de-
tection of bilateral vestibular schwannomas (VS), but implied
in NF1 and SWN diagnostic criteria). Imaging is also emerg-
ing as a backbone of longitudinal surveillance strategies, and
although its exact role is yet to be defined and at this time,
there are no evidence-based guidelines for imaging applied to
screening in NF1, NF2, or SWN.

There is currently limited evidence to support standard use
of an imaging algorithm for the management of this patient
population (people with NF1, NF2, or SWN), but there is an
ever-increasing body of literature to guide imaging use. In this
review, we present a systematic review of the literature and
summarize current practices for magnetic resonance (MR) im-
aging for the evaluation of people with NF1, NF2, and SWN
and when possible, provide guidelines for clinical practice
based on the best available data. The review includes the role
of both whole-body and localized imaging, standard
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anatomical imaging, as well as quantitative MR sequences
such as diffusion-weighted imaging (DWI) with apparent dif-
fusion coefficient (ADC) mapping, and metabolic imaging
(MR spectroscopy (MRS) and positron emission testing). A
discussion of existing data for potential imaging-based bio-
markers (such as tumor burden and ADC values) in patients
with NF1 for the early diagnosis of malignancy are presented
and as are potential strategies for integration of WBMRI lon-
gitudinal findings with clinical and genetic characteristics.

Overview of NF1, NF2, and SWN

There are well-established clinical diagnostic criteria for NF1,
NF2 and SWN (Table 1) [1-4]. Although, as more genetic
discoveries are made and clinical experience is gained, there
may be further refinement of these criteria.

The hallmark peripheral nerve sheath tumor (PNST) in
NF1 is neurofibroma. Neurofibromas can be deep, involving
single or multiple nerves. These are termed plexiform neuro-
fibromas (pNF). There are also cutaneous neurofibromas
(cNF) that involve the skin thickness and cases in which neu-
rofibromas are diffuse and involve both the skin thickness and
the deep nerves. pNF are estimated to occur in up to 50% of
people with NF1. ¢cNF impact up to 99% of adults with NF1.
More rarely, there are atypical neurofibromas and malignant
peripheral nerve sheath tumors.

The hallmark PNST in NF2 and SWN is schwannoma.
Specifically, the presence of bilateral vestibular schwannomas
(VS) is central to the diagnosis of NF2 and its absence in a
patient with multiple schwannomas is suggestive of SWN or
possibly mosaic NF2 [4-6]. In addition to schwannomas, pa-
tients with NF2 also tend to develop meningiomas and spinal
ependymomas while patients with SWN rarely develop intra-
cranial meningiomas and can develop cranial nerve
schwannomas including unilateral VS, but do not develop
bilateral VS [7].

On MR imaging, schwannomas tend to be fusiform masses
with a “tail sign” suggesting its neurogenic origin and a “target
sign” on fluid-sensitive and contrast-enhanced MR sequences
related to their underlying cellular architecture (with myxoid
Antoni B periphery and cellular Antoni A center accounting
for the peripheral rim of hyperintensity and central
hypointensity) [8—10]. Similarly, neurofibromas are also fusi-
form masses with a “tail sign” suggesting its neurogenic origin
and a “target sign” on fluid-sensitive and contrast-enhanced
sequences related to their underlying cellular architecture (due
to dense collagenous center) [9, 10]. Larger schwannomas
tend to be more heterogeneous with internal cystic degenera-
tion, mineralization, hemorrhage, and fibrosis [10]. Solitary
and syndromic schwannomas cannot be distinguished from
one another by imaging or by histology, though SWN-
associated schwannomas tend to exhibit greater perilesional
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edema, intralesional myxoid changes manifested as T2-
hyperintensity and intraneural growth pattern compared with
solitary schwannomas [11, 12]. In addition, people with NF2
and SWN tend to have multiple lesions throughout the body.

Table 2 summarizes the imaging appearance of syndromic
PNSTs. Although each syndrome tends to have a different
hallmark PNST, the MR appearance of both solitary and plex-
iform neurofibromas and schwannomas can overlap; there-
fore, the distribution and location of PNSTs in addition to
presence or absence of CNS tumors such as spinal
ependymomas, unilateral versus bilateral VS, or meningio-
mas, can inform the likelihood of an underlying PNST tumor
syndrome. For example, intradermal schwannomas and spinal
ependymomas appear to be unique to NF2 and help distin-
guish it from SWN. Similarly, an optic pathway glioma or
thickening of the optic pathway paired with PNST is sugges-
tive of NF1.

Technical considerations

The role of imaging in the management of patients with NF1,
NF2, and SWN can be broadly conceptualized as directed
towards the symptomatic or asymptomatic patient. The symp-
tomatic patient typically undergoes localized imaging while
the asymptomatic patient typically undergoes a detailed clin-
ical assessment, preferably at an experienced NF clinic and in
certain cases, may undergo whole-body imaging [13-24].
Localized imaging (including imaging of the extremities
and CNS) can enable detection of PNST as the cause of un-
derlying symptoms, characterization of PNST (as benign or
malignant) and assessment of its anatomic extent (to assist
with consideration of surgical approaches). Of course, people
with NF1, NF2, and SWN can have non-PNST etiologies
causing symptoms detected by localized MRI. Depending
on the localization of the symptom and the total body tumor
burden, localized imaging can also serve as a baseline exam to
assess change in size and imaging characteristics for target,
symptomatic PNSTs that are managed non-operatively. The
imaging protocols for localized imaging can vary depending
on the clinical suspicion. For example, in patients under con-
sideration for NF2 and SWN, imaging of the CNS, specifical-
ly the internal auditory canals, using high-resolution post-con-
trast imaging, is routinely used for the detection of vestibular
schwannomas (VS) as specified in the diagnostic criteria for
this syndrome [1-6, 25]. In patients with NF1 with clinical
suspicion for optic pathway glioma (OPG), MR imaging of
the brain including orbits with and without intravenous con-
trast materials is the protocol of choice. For peripheral symp-
toms, localized MR imaging of the area of interest is per-
formed with and without intravenous contrast for evaluation
of anatomic extent. In addition, we perform a tailored local-
ized MR imaging protocol using advanced sequences (DWI/
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ADC mapping and dynamic contrast-enhanced sequences) for
simultaneous characterization of PNSTs as benign or malig-
nant [26-32].

Whole-body imaging, typically whole-body magnetic res-
onance imaging (WB-MRI), can be utilized as a screening tool
for internal tumor detection and when combined with DWI/
ADC mapping can enable simultaneous tumor characteriza-
tion [13]. The use of imaging for screening, particularly for
asymptomatic people with NF1, is re-emerging as an impor-
tant topic for several reasons including: the wider availability
and speed of whole-body imaging techniques, the recognition
that tumor growth and development of tumor-associated mor-
bidity is most rapid in childhood and adolescence, the devel-
opment of an increasing number of therapeutic agents that
may have efficacy in stopping growth of neurofibromas and
the documented development of MPNST in asymptomatic
NF1 patients [17, 22, 33, 34]. Both whole-body MRI and
'®F_fluorodeoxyglucose positron-emission tomography/ com-
puted tomography ('*F-FDG PET/CT) can detect whole-body
internal tumor burden in a single imaging session. However,
WB-MRI, due to its inherent contrast resolution, has been
exploited as a method of choice for the detection of
schwannomas and neurofibromas in patients with NF1, NF2,
and SWN. WB-MRI is a feasible method of quantifying inter-
nal tumor burden in patients with NF1, NF2, and SWN, and
therefore increasingly being utilized in clinical practice
[13-24]. "8F-FDG PET/CT, an established technique for im-
aging oncological patients, is part of the imaging paradigm in
patients with NF1 (no role in NF2 or SWN), particularly for
the characterization of PNSTs as benign or malignant [26]. In
our clinical practice, qualitative image interpretation of images
acquired 60 min (rather than delayed imaging at 4 h) after the
intravenous administration of '*F-FDG provides good clinical
utility for distinguishing benign from malignant PNSTs (91%
sensitivity and 84% specificity) in NF1 patients [26].

WB-MRI typically requires a 75-min time slot (although
we budget 90 min) and can be performed with either 1.5- or 3-
Tesla magnet systems [13]. The performance of WB-MRI at
3.0 Tesla has several theoretical advantages including higher
signal-to-noise ratio and increased acquisition speed and dis-
advantages including B1 field inhomogeneities and suscepti-
bility artifacts [13]. Although diverse methods of WB-MRI
acquisition have been described, a two-dimensional (2D)
short tau inversion recovery sequence (STIR) sequence, due
to its robust fat suppression, is most commonly performed in
the axial or coronal plane [13-24]. An alternative strategy
includes performance of an isotropic volumetric three-
dimensional (3D) STIR sequence in the coronal plane that
enables multiplanar reformations in any plane of choice [13,
23, 24]. At this time, the proposed clinical indications for the
performance of WB-MRI include the detection or quantifica-
tion of internal peripheral nerve sheath tumors (PNSTs) bur-
den in patients with NF1 (a potential marker for disease

severity and risk for malignant transformation) and the detec-
tion (and distribution) of non-intradermal schwannomas in
patients with a possible NF2 or SWN to establish the diagnos-
tic criteria as well as surveillance of known PNST over time to
determine the optimal time for treatment (many clinical trials
have > 20% increase in tumor volume over 12—18 months as
eligibility criteria) or surveillance while on treatment [13, 17,
22, 34, 35]. In a small subset of patients with NF1, NF2, or
SWN, PNST burden is anatomically localized to a few adja-
cent spinal segments, single limb or even half of the body and
referred to as a segmental phenotype. It is hypothesized that
genetic mosaicism (when a postzygotic somatic mutation pre-
sents only in certain subset of cells), rather than a generalized
phenotype due to a germline mutation, accounts for this seg-
mental phenotype. By detecting the pattern and distribution of
PNSTs, WB-MRI can be helpful in distinguishing a germline
from segmental or mosaic presentation.

In our clinical practice, we perform WB-MRI with
DWI/ADC mapping; Table 3 describes our 3.0-Tesla
WB-MRI protocol. DWI is a fast, non-contrast, physiolog-
ic imaging technique that is readily available and easy to
integrate into an existing localized or whole-body MR pro-
tocol [29, 31, 32]. DWI with ADC mapping offers a quan-
titative metric for the degree of cellularity of a region of
interest [27—-32]. Tissues with increased cellularity and re-
sultant increased cell membranes lead to decreased
Brownian motion or restricted diffusion, while tissues with
decreased cellularity tend to have unrestricted or increased
diffusion. The ADC value, representing a combination of
both true diffusion and perfusion, is a numerical value
assigned to this degree of motion in a tissue, and has been
used as a marker for cellularity in soft tissue imaging
[27-32]; regions of high ADC value correspond to
hypocellular tissues and low ADC value are visible in
hypercellular tissues. As such, the ADC value can serve
as a useful biomarker for cellularity, often signifying ma-
lignancy, particularly useful tool for patients with NF1 who
are at risk of developing MPNST [28, 29]. A comprehen-
sive localized and whole-body imaging protocol with the
inclusion of DWI/ADC mapping for the evaluation of
PNSTs has been previously described [24, 28, 29]. The
diagrams in Fig. 1 highlight the established and potential
role of localized and whole-body imaging in patients with
NF1, NF2, and SWN, emphasizing the nuanced alterations
in imaging protocols based on clinical symptoms.

Neurofibromatosis type 1

NF1 is an autosomal dominant genetic syndrome caused by
mutations in the NF/ gene, located at chromosome 17q11.2
[36] with an incidence of approximately 1 in 3000 individuals
[37]. Approximately half of the cases are familial (inherited)

@ Springer
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Table3  Sample whole-body MRI protocol using diffusion-weighted imaging and ADC mapping performed with a 3.0-Tesla magnet system [13, 23,
24]
Fluid -sensitive sequence Diffusion-weighted imaging Anatomic sequence
Sequence T2 STIR SPACE Single-shot excited echo-planar imaging T1-weighted sequences (VIBE)
Orientation Coronal Axial or coronal Coronal
Repetition time (ms) 2700-3000 4100 3-5
Echo time (ms) 84 70 1.4-2.5
Matrix 256 x 256 192 x 192 256 x 256
Field of view (mm) 500 x 500 500 x 500 500 x 500
Slice thickness/gap (mm) 2/0 5/0 1.5/0
b-values (s/mm?) N/A 50, 400, 800 N/A
Acquisition time 57 min 4 min 2-3 min

Timing of sequence Before IV contrast

Before IV contrast

Before and after IV contrast

STIR short tau inversion recovery, SPACE sampling perfection with application-optimized contrasts by using different flip angle, VIBE volume

interpolated breath-hold examination

while the other half are due to de novo (sporadic) mutations
[37, 38]. The clinical manifestations of NF1 can be variable as
there is extremely heterogeneous disease expression even
within families with a shared mutation. Non-neoplastic man-
ifestations (Fig. 1) of NF1 can affect the skin, CNS, cardio-
vascular system and the musculoskeletal system. The neoplas-
tic manifestations of NF1 can be benign (including infiltrative
(Fig. 2), solitary (Figs. 3 and 4), plexiform PNSTs), pheochro-
mocytoma (Figs. 5), optic pathway glioma, pilocytic astrocy-
toma, gastrointestinal stromal tumors (GISTs) (Fig. 6), and
glomus tumors (Fig. 7)) or malignant (including malignant
peripheral nerve sheath tumors (MPNSTSs), rhabdomyosar-
comas, breast cancer, malignant glioma, and juvenile
myelomonocytic leukemia (JMML)) [39-59].

A population-based series of 1404 Finnish patients
with NF1 linked to incident cancers recorded in the
Finnish Cancer Registry and deaths recorded in the na-
tional Population Register Centre from 1987 and 2012
estimated the overall lifetime cancer risk calculated to be
as high as 59.6% [44]. In addition, patients with NF1
suffer from a lower life expectancy when compared with
age-matched peers predominantly due to a relative in-
creased likelihood of malignancies [44, 45], notably
MPNST and breast cancer. Of these malignancies,
MPNST has been identified as the most common cause
of death in people with NF1 between the ages of 10 and
40 years with an estimated lifetime prevalence of 4-8%
[44, 45, 53, 54]. The only treatment likely to result in cure
is complete resection, which requires early detection.
However, early detection of MPNST remains a clinical
challenge in this patient population as the MPNSTs tend
to be deep seated, limiting assessment by physical exam
alone and often represent a needle in a haystack of myriad
additional neurofibromas.

@ Springer

Current imaging strategies for NF1

The current approach to managing patients with NF1 is com-
prised of a comprehensive annual evaluation to detect and
then treat symptomatic manifestations [8]. An important re-
cent addition to formal imaging recommendations for people
with NF1 is the recommendation for screening mammography
to start at age 30 in women with NF1. Women with NF1 have
a moderately elevated risk (17.2% lifetime risk) for breast
cancer, especially under the age of 50 years [48-51]. Such
data has resulted in modification of screening guidelines with
the National Comprehensive Cancer Network recommending
screening mammograms or MR imaging at the age of 30 years
in this population [56, 57].

In addition to breast cancer, hypertension is a frequent
finding in both adults and children with NF1 [58].
Therefore, monitoring blood pressure on a yearly basis is in-
dicated. In children and young adults, or adults who do not
achieve normalization of blood pressure with standard mea-
sures, evaluation for secondary causes of hypertension includ-
ing pheochromocytoma or renovascular lesions including re-
nal artery stenosis should be initiated [8, 55]. Other screening
recommendations include annual ophthalmological examina-
tions for symptomatic optic pathway glioma and review of
growth and sexual development for hypothalamic dysfunction
[60, 61]. When a symptomatic OPG is suspected, MR imaging
of the brain with high-resolution sequences of the optic nerves
and chiasm is the imaging technique of choice to detect OPG,
assess its anatomic extent and eventually evaluate response to
treatment or progression of disease. Because OPGs can exhib-
it variable contrast enhancement patterns, T2-weighted se-
quences are typically used but can pose a challenge for assess-
ment of anatomic extent [61]. However, after baseline imag-
ing for a symptomatic lesion, the optimal interval for
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Management for patients with NF1

Clinical Evaluation, preferably at an NF center
e Detailed skin exam
e Comprehensive neurologic exam
e Ophthalmology exam
e Blood pressure monitoring

l At the time of presentation

Baseline Imaging:

Suspect non-superficial plexiform neurofibroma —
localized baseline MR imaging

WB screening can be considered for first assessment in adults
to establish tumor burden, but not yet recommended for

children.

- Symptoms

+ Symptoms

—

Localized Imaging based on symptoms:

Non-optic glioma: MRI brain w/wo IV contrast

Surveillance Imaging:

Breast cancer: screening mammograms at age 30
years (+/- MRI w/wo IV contrast can be considered
for age 30-50 years)

MPNST: WB-MRI with DWI/ADC or '8F-FDG
PET/CT is not recommended for routine screening
but is performed at many centers as a screening
strategy for people considered “high risk”

Osteoporosis: dual energy X-ray absorptiometry (can
consider in context of age and presentation)

OPG: MRI brain including orbits w/wo IV contrast in
children and adolescents

Intracranial vascular manifestations: CT angiogram

Symptomatic PNST: localized MRI with advanced
sequences (DWI/ADC & DCE) w/wo IV contrast

MPNST: localized MRI with advanced sequences
(DWI/ADC & DCE) w/wo IV contrast

Refractory Hypertension:

1. Pheochromocytoma (measurement of urine and plasma
metanephrines)

2. Renovascular lesions including renal artery stenosis
(Ultrasound or MR angiogram)

GISTs: CT abdomen and pelvis w IV contrast

Ganglioglioma: localized MRI with advanced sequences
(DWI/ADC & DCE) w/wo IV contrast

Scoliosis: Scoliosis radiographs

Fig. 1 Flow chart highlighting the established and potential role of localized and whole-body imaging in patients with NF1, NF2, and SWN,
emphasizing the nuanced alterations in imaging protocols based on clinical symptoms

surveillance is not established due to lack of evidence. OPG
are only a clinical threat in childhood and if there is no pro-
gression based on imaging, visual or neuroendocrine symp-
toms by adolescence, imaging surveillance for OPG can likely
be omitted in the absence of a specific clinical concern [62].
Routine baseline MR imaging of the entire CNS, and rou-
tine imaging of the chest, abdomen/pelvis and extremities to
identify asymptomatic tumors are not recommended at this
time [8]. Imaging studies of the CNS are generally reserved
for NF1 patients with unexplained or progressive symptoms
or new vision changes on ophthalmology evaluation. For the
evaluation of symptoms (such as new pain, growth or severe/
progressive polyneuropathy), typically localized MR imaging

with advanced sequences including DWI/ADC mapping and
DCE, is performed as above.

Whole-body imaging in NF1: Utility or futility?

The recommendations for the ongoing assessment and period-
ic surveillance of asymptomatic NF1 patients are narrow, with
no consensus on how to evaluate for new or progressive
PNSTs due to lack of evidence. Screening for MPNST that
is comprised of physical exams alone is limited and challeng-
ing for deep or internal PNSTs which can manifest later, po-
tentially with malignant conversion into MPNST which have
high metastatic potential. NF1 patients that develop MPNSTs
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Management for patients with NF2 & SWN

e Detailed skin exam

e Audiology testing*

Clinical Evaluation, preferably at an NF center

e Comprehensive neurologic exam
e Ophthalmology exam

l At the time of presentation

Baseline Imaging:

screening)

1. MRI brain including high resolution IACs w/wo
IV contrast (to detect bilateral VS)

2. MRI whole spine w/wo IV contrast

*WB-MRI — may be utilized to establish diagnosis of

SWN or NF2 (not recommended for routine

- Symptoms

Surveillance Imaging:

Intra-cranial tumors:

e Non-VS or meningioma: MRI brain w/wo IV
contrast

e VS: MRI brain including high resolution IACs
w/wo IV contrast

Intra-spinal tumors:

e  For schwannoma, spinal ependymoma or
meningioma: MRI spine w/wo IV contrast

*Interval for surveillance can be variable depending
on the patient and the center

Fig. 1 (continued)

+ Symptoms

Localized Imaging based on symptoms:

PNST: localized MRI with advanced sequences
(DWI/ADC & DCE) w/wo IV contrast

Fig. 2 A 19-year-old woman with NF1. Axial T2-fat suppressed image
(a) through the right calf shows skin thickening and reticular elevated
signal in the subcutaneous tissues that extend along the superficial
fascia with hypertrophy of the subcutaneous tissues consistent with
cutaneous plexiform neurofibroma. On axial DWI images (b—d)
through the calf with progressively increasing b-values and axial ADC
map (e), this signal intensity does not exhibit restricted diffusion. Referral
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to multidisciplinary centers for the treatment of NF1-related symptoms
and complications is recommended. Surgical treatment of such plexiform
neurofibromas is often unsatisfactory and complete excision is not
possible. Therefore, debulking alone of disfiguring or uncomfortable
discrete cutaneous or subcutaneous neurofibromas is performed for
improved cosmesis and symptom relief
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Fig. 3 A 12-year-old girl with NF1 and asymptomatic left pelvic mass.
Axial T2-fat suppressed (FS) image through the pelvis (a) shows a left
pelvic mass (arrow) with a target sign (low central and elevated peripheral
signal) compatible with PNST. The target sign is commonly observed in
benign PNSTs but rarely in malignancy. Axial ADC map (b) shows ADC
values greater than 1.0 x 10-3 mm?s. The post-contrast axial T1-FS
image (c) through the pelvis shows heterogeneous targetoid pattern of
enhancement. In localized MR imaging of PNSTs, ADC < 1.0 x 10—
3 mm%s and an average diameter of > 4.2 cm have been found to be
useful cut-off values for diagnosing malignancy with 100% sensitivity
and negative predictive value, thereby making the ADC value a useful,
exploratory biomarker in the assessment of MPNST

tend to be younger with a higher proportion of deep-seated or
internal tumors and locally advanced disease at diagnosis [16,
17, 22, 63, 64]. Because both benign and malignant NF1-
related PNSTs can be large both in individual size and number
and often cross anatomic planes, whole-body imaging is an
efficient method of tumor detection in a single session [13].
There are two whole-body imaging approaches in people with
NF1: WB-MRI or '*F- FDG PET/CT. A major limitation to
both WB-MRI and '*F- FDG PET/CT is the limited assess-
ment of intraspinal neoplasms [65]. As such, depending on the
clinical exam findings, performing whole-spine in addition to

targeted MR imaging of the affected limb or body part may be
an alternative diagnostic strategy, although the imaging time
required to perform separate exams is greater than an opti-
mized whole-body exam. Also, determining a target site to
image based on physical exam alone may be challenging for
deep internal PNSTs or in people with multiple symptoms.
Whole-spine MR imaging alone can also miss a significant
number of peripheral lesions that would otherwise be detected
and quantified on whole-body imaging [65].

As such, if the neurologic examination does not suggest
myelopathy and if there is a desire to assess the total body
burden to establish a long-term surveillance plan for a given
patient, WB-MRI is the preferred method in this patient pop-
ulation and enables detection and quantification of internal
PNST burden [13-24]. One cross-sectional study with WB-
MRI demonstrated internal PNSTs in 50% of NF1 patients
[16], with the most common PNSTs being nodular and plex-
iform neurofibromas (pNF) [21]. The relationship between
pNF size, total PNST burden, and the risk for MPNST is
poorly understood. However, current clinical data suggest that
patients who ultimately were diagnosed with MPNST had a
higher baseline burden of pNF [21, 22], and anecdotally,
MPNSTs commonly arise within a pNF (Fig. 8).
Importantly, both higher numbers of PNSTs and larger
whole-body tumor volume as detected by WB-MRI have been
implicated as important risk factors for the development of
MPNST [16, 21, 22]; hence, in the future, WB-MRI deter-
mined pNF burden may serve as a personalized MR-based
biomarker for risk stratification and prognostication of pa-
tients with NF1.

In addition to general internal pNF burden, there is emerg-
ing interest in atypical neurofibromas (aNFs) or “atypical
neurofibromatous neoplasms of uncertain biologic potential
(ANNUBP)”, which may represent precursor lesions to
MPNSTs, and have been reported to have overlapping ana-
tomic MR and metabolic imaging features with malignant
PNSTs [64]. Recent work has recognized distinct nodular le-
sions (or DNLs) within pre-existing pNFs on standard ana-
tomic MRI as potential precursor lesions to MPNST that may
represent aNF/ANNUBP [64]. These DNLs tend to be greater
than 3 cm in largest diameter, well demarcated, distinct from
their underlying pNF, and lacking the typical histological,
zonal architecture or target sign visible in PNSTs (defined as
a central hypointense region on T2-weighted images) [64]. In
a recent retrospective review of 76 histologically confirmed
aNFs, all aNFs fulfilled the criteria for DNLs on MRI and 50
of 56 aNFs with available FDG-PET demonstrated elevated
maximum standardized uptake value (SUVmax) (> 3.5),
supporting the hypothesis that DNLs may be the imaging
correlate of pre-malignant PNSTs [66]. Due to limited experi-
ence and available data, there are no specific or sensitive im-
aging features that aide in the distinction of atypical from
malignant PNSTs, hence, the early identification of
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Fig. 4 An 18-year-old woman with NF1 and new left retropharyngeal
mass (arrow) noted on axial T2-weighted image through the brain (a).
Plexiform neurofibromas can increase in size dramatically per year in
children with NF1, but have a slower growth rate at the end of
adolescence; therefore, rapid growth of PNST in an adult can be a
concerning clinical and imaging feature. Therefore, '*F-FDG-PET/CT
imaging (b) was performed, which showed elevated FDG uptake

malignancy remains an important clinically relevant gap in the
management of patients with NF1 [8].

(arrow). As such, the mass was biopsied and found to be neurofibroma
with degenerative atypia but no necrosis, increased mitotic activity or
other histological findings of malignant transformation. '*F-FDG-PET/
CT has high sensitivity for the detection of malignant transformation in
people with NF1 but lower specificity, potentially requiring unnecessary
biopsies in patients with NF1

When comparing the diagnostic performance of the
two whole-body imaging strategies ('*F-FDG-PET/CT

Fig. 5 A 58-year-old asymptomatic woman with NF1 and bilateral
adrenal masses visible on coronal contrast-enhanced CT of the
abdomen and pelvis (a) as well as axial T2-fat-suppressed (FS) (b) and
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post-contrast T1-FS (¢) axial image through the abdomen compatible
with bilateral pheochromocytomas
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Fig. 6 A 28-year-old man with NF1 and hyper-enhancing, submucosal
masses (arrows) in the duodenum noted on an axial contrast-enhanced
CT image through the abdomen compatible with malignant
gastrointestinal stromal tumors. Note the several cutaneous
neurofibromas and skin thickening in this patient with NF1

versus WB-MRI using anatomic STIR sequences alone)
for the detection of MPNST, metabolic imaging had su-
perior sensitivity but lower specificity for the characteri-
zation of PNSTs as malignant [67]. Quantitative '*F-FDG
-PET/CT scan characterizes NF1-related MPNSTs with
high sensitivity (ranging from 89 to 95%) but relatively
lower specificity (72-95%) [66—75]. At this time, a rou-
tine '®F-FDG -PET/CT protocol (without delayed imag-
ing) has been recommended for patients with NF1 for the
detection of suspected MPNST in a symptomatic patient
[68]. In addition, PNST-to-liver ratio > 2.6, rather than the
previously used SUVmax > 3.5, is recommended for di-
agnostic intervention planning as a more specific imaging
indicator of MPNST 36). The performance of WB-MRI
with the addition of DWI/ADC mapping has not been
specifically compared to PET/CT in this population
(Fig. 9). However, in localized imaging of solitary and
syndromic PNSTs, ADC < 1.0 x 107> mm?/s and an aver-
age diameter of > 4.2 cm were useful cut-off values for
diagnosing malignancy with 100% sensitivity and nega-
tive predictive value, thereby making the ADC value a
valuable biomarker in the assessment of MPNST [29].
Importantly, in this study, all neurofibromas had ADC
values greater than 1.0 x 10> mm?/s, making the ADC
value highly specific and useful in the clinical context of
NF1, as false-positive cases were only identified in
schwannomas (n=4) and ganglioneuromas (n=1), but
not in the setting of NF1-related neurofibromas, the tu-
mors that are highest risk for malignant conversion [29].
As such, WB-MRI is increasingly being performed with
the inclusion of DWI/ADC mapping in multiple clinical
centers across the United States and Europe.

Other advanced sequences such as MRS and MR angiog-
raphy have also been applied to PNSTs for the purpose of
characterization [31, 76]. Because altered cellular metabolism

is typical of almost all malignancies, MRS, with its ability to
noninvasively detect and characterize metabolites in a tissue
of interest seems theoretically of interest for the early detec-
tion of MPNST. With respect to PNSTs, qualitative MRS has a
high sensitivity (100%), but low specificity (50%) [76].
Quantitative MRS, a cumbersome technique with extensive
post-processing time, has a slightly higher specificity
(72.2%) for distinguishing benign from malignant disease
for a perfect sensitivity of 100% [31, 76]. Due to technical
requirements that would limit widespread applicability in the
clinical centers around the world where patients with NF1 are
cared for, neither MRS nor MR perfusion sequences have
become part of a routine clinical care.

In summary, typically localized MR imaging of a pNF
is performed based on clinical judgment (change in pain
pattern or growth) to evaluate the anatomic extent and to
serve as a baseline line exam to judge future growth and/
or development of a “distinct nodular lesion,” which are
suspected to undergo malignant degeneration. The opti-
mal use, timing, or utility of a screening WB-MRI are
not known. One group has recommended the performance
of serial whole-body '*F-FDG-PET/CT imaging [63] for
surveillance of MPNST. In our clinical practice at a high-
volume NF1 center, we perform WB-MRI using DWI/
ADC mapping in “high-risk” patients (NF1 gene
microdeletion, family or personal history of aNF or
MPNST, prior radiation therapy, high internal PNST bur-
den) to detect and characterize internal PNST burden.
Based on PNST size, preservation of zonal architecture
“target sign” and ADC values, PNSTs are characterized
as likely benign, suspicious but indeterminate (requiring
localized imaging or close clinical/imaging follow-up)
and highly suspicious for malignancy (requiring biopsy).
Although this approach requires prospective validation,
we anticipate that it may eventually lead to the develop-
ment of a multi-parametric imaging reporting and data
system (analogous to breast, prostate, and liver lesions)
to determine the risk of malignancy associated with each
PNST in a tumor syndrome. In addition, we also utilize
WB-MRI in adolescents prior to transfer to adult care to
establish baseline internal PNST burden as somatic
growth maybe complete at this time.

Neurofibromatosis type 2

NF?2 is an autosomal dominant genetic syndrome that is due
to mutations in the NF2 gene, located at chromosome
22ql2.2, and occurs in approximately 1 in 25,000 individ-
uals [37]. Approximately half of the cases are familial
(inherited) while the other half occur due to de novo
(sporadic) mutations. Although clinically and genetically
distinct from NF1, NF2 also suffers from an overall lower
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Fig. 7 A 51-year-old man with neurofibromatosis type 1, who has
progressive painful nodule on the radial and distal aspect of the right
thumb. He had preoperative evaluation with an MRI, which showed a
3 x3-mm nodule at the radial aspect of the thumb just distal to the
interphalangeal joint (arrow) visible on axial T2 fat-suppressed (FS)

life expectancy when compared with non-affected peers
[43]. It is characterized by bilateral vestibular schwannomas
(VS) (Fig. 10) in addition to central and peripheral
schwannomas. Although dermatologic involvement in-
cludes intradermal schwannomas, they are less common
than the cutaneous neurofibromas in NF1. Most patients
with NF2 eventually develop spinal tumors (paraspinal
schwannomas, meningiomas, or intramedullary
ependymomas) that can result in debilitating neurologic
symptoms. Similar to NF1, patients with NF2 can also suf-
fer from both mononeuropathy (often involving the facial
nerve, which can precede the development of other NF2
manifestations) and severe and progressive polyneuropathy
that is unrelated to PNSTs [77-79].
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(a), axial T1-FS (b), DWI using progressively increasing b-values (c—e)
and ADC map (f). The lesion (arrow) is diffusely enhancing on the
coronal MR angiogram (g) and static post-contrast T1-FS (h) through
the thumb. The patient underwent surgical excision and final pathology
was glomus tumor

Current imaging strategies for NF2

Similar to NF1, patients with NF2 undergo routine oph-
thalmologic exam, thorough neurologic assessment for
myelopathy as well as mononeuropathy, and audiology
testing given their predisposition to bilateral VS [3, 5,
77-80]. Unlike NF1, imaging has a well-established role
in the diagnosis and management of patients with NF2
[81]. Notably, MR imaging of the CNS is performed at
baseline. MR imaging of the brain should include the
administration of intravenous contrast material and axial
and coronal thin-section imaging of the internal auditory
canal (IAC) to assess for VS. Brain MRI with thin cuts
through the TAC is recommended annually for almost all



Skeletal Radiol (2020) 49:199-219

211

Fig.8 WB-MRI in two asymptomatic patients with NF1. The first patient
is a 14-year-old girl with NF1 with coronal short tau inversion recovery
(STIR) sequences (a and b) showing superficial PNSTs (short arrows) in
the posterior right upper back subcutaneous tissues. In people with NF1,
the most common PNSTs are nodular and plexiform neurofibromas. A
distinct growing nodular PNST located in the right infraclavicular region
(long arrow on b) in the background of plexiform tumor and raised
concern for malignant degeneration. Therefore, the lesion was excised
and found to be neurofibroma with degenerative atypica. The PNST
demonstrated areas of increased cellularity with scattered degenerative

patients with NF2 and in many cases it is needed in a 3 to
6-month interval for people at high risk for brainstem
compression or compromise of the facial or vestibular
nerves [12]. MR imaging of the spine with contrast should
also be performed given the predisposition to spinal
ependymomas, schwannomas, and meningiomas, which
are part of the National Institutes of Health (NIH) diag-
nostic criteria (Fig. 11) [6, 12, 78-83], however, the fre-
quency of this imaging depends on the tumor burden and
clinical exam findings. After establishing a diagnosis, pa-
tients with NF2 are closely monitored clinically and with
imaging to assess for stability of the lesions as above [80].
After initial evaluation, surveillance with contrast-
enhanced MR imaging of the brain and IACs (£ spine if
there are spinal lesions present) is performed in addition
to every 6 to 12-month audiology testing and ophthalmo-
logical evaluation [12].

atypia and chronic inflammation. On histology, there was no increased
mitotic activity, necrosis, significant crowding, or other features to
suggest malignant transformation. An S100 immunostain showed
diffuse labeling in the lesional cells. A second patient was a 12-year-old
boy with NF1 with diffuse plexiform PNSTs visible on coronal STIR (c),
ADC map (d), and static post contrast T1 fat-suppression (e) sequences.
The relationship between plexiform neurofibroma size, total tumor
burden, and the risk for MPNST is poorly understood. However,
limited clinical data suggest that patients with MPNST have a higher
baseline burden of plexiform neurofibroma

Whole-body imaging in NF2: Utility or futility?

The potential WB-MRI uses in NF2 include detection and
surveillance of non-intradermal schwannomas. There are
two existing WB-MRI investigations in people with NF2 [9,
10]. The first such study in 55 patients with NF2 quantitatively
assessed internal PNST burden and noted relatively lower
internal PNST burden and volume in people with NF2 com-
pared with NF1 and SWN [14]. Similar to NF1, patients with
NF2 had scoliosis, likely due to spinal tumors but no other
musculoskeletal abnormalities [14]. Interestingly, the pres-
ence of internal PNSTs correlated with scoliosis but not to
established markers of disease severity including spinal tu-
mors or meningiomas [14]. In addition, WB-PNST volume
in NF2 patients inversely correlated with intradermal PNSTs,
implying the importance of the tissue micro-environment in
tumor formation [14]. The second smaller investigation on ten
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Fig. 9 A 16-year-old boy with NF1 and pelvic MPNST visible on axial
contrast-enhanced CT through the pelvis (a), axial T2 fat-suppressed (FS)
(b), and static post-contrast T1-FS (¢) imaging as a large left pelvic mass
(arrow) just proximal to the sciatic foramen. Axial DWI using 3 b-values
(d—f) and ADC maps (g) show ADC values < 1.0 x 10-3 mm?/s and size
> 4.2 cm. In addition, '®F-FDG-PET/CT imaging (h) was performed

people with NF2 incorporated DWI/ADC mapping and de-
scribed the imaging features of NF2 related PNSTs [23]. NF2-
related PNSTs exhibited heterogeneous signal characteristics
on routine anatomic and fluid-sensitive sequences as well as
enhancement characteristics with a wide range of ADC
values, suggesting heterogeneous tumor biology, differences
in cellularity, and distribution of Antoni A and B patterns
within each tumor (Fig. 12) [23].

Both WB-MRI studies corroborate the variable disease
expression among individuals with NF2 resulting in
PNSTs of variable size, distribution, signal characteristics,
and cellularity. Although NF2-related PNSTs tend to be
benign, their anatomic location and multiplicity may con-
tribute to both morbidity and mortality. Although there are
no studies evaluating the imaging features predictive of
lesions likely to be progressive or symptomatic, there is
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which showed elevated FDG uptake. Therefore, the mass was biopsied
and found to be MPNST. To date, there are no investigations exploring
the interplay between cellularity (ADC values) and metabolic activity
(SUVmax) in this population and if these may provide insight into the
biologic behavior of PNSTs

a correlation between internal tumor burden and quality of
life [14]. As such, the early detection of high internal
PNST burden using WB-MRI in people with NF2 may
lead to active modification of treatment or closer surveil-
lance for early intervention.

Notably, there are available data on the genotype—
phenotype correlation, suggesting some markers of disease
severity such as truncating mutations (frameshift and non-
sense) of the NF2 gene predispose patients to greater
disease-related mortality [80-82]. Conversely, people with
constitutional NF2 missense mutations tend to have a lower
risk of mortality than do those with other types of mutations
[80]. Hence, a sub-population of patients with NF2 based on
genetic testing may benefit from WB-MRI using DWI/ADC
mapping for prediction of disease severity, or potentially, re-
sponse to treatment. Unlike NF1, there is no reported
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Fig. 10 A 40-year-old woman with NF2 and bilateral internal auditory
canal masses (arrows) visible on high-resolution T2-weighted images as
well as post-contrast T1 fat-suppressed sequences. NF2 is characterized

predisposition to malignancy in NF2, and surveillance imag-
ing for diagnosing malignant degeneration is not a clinical
dilemma.

Schwannomatosis
Schwannomatosis, the third major form of PNST predis-

position syndrome, is associated with mutations in the
SMARCBI and LZTRI1 genes located on chromosome

by bilateral vestibular schwannomas (VS) in addition to central and
peripheral schwannomas

22, and is therefore clinically and genetically distinct from
both NF1 and NF2 [6, 83-85]. Although there is some
diagnostic overlap between NF2 and SWN, SWN is char-
acterized by the notable absence of bilateral VS or
ependymoma and presence of multiple non-intradermal
schwannomas, and less commonly, meningiomas [62].
Relative to NF1 and NF2, SWN is uncommon, with an
estimated incidence of 1/40,000 births [86], but this num-
ber may be an underestimation, as the clinical presenta-
tion is nonspecific, resulting in a delay in diagnosis [86].

Fig. 11 A 37-year-old woman with NF2. Coronal short tau inversion
recover sequence (STIR) (a) and post contrast T1 fat-suppressed (FS)
(b) images through the chest show two left brachial plexus peripheral
neurogenic lesions and enhancing, intramedullary intraspinal lesions
(short arrow on b) compatible with ependymoma. Most patients with

NF2 eventually develop spinal tumors, which can result in debilitating
neurologic symptoms. Intradermal schwannomas and spinal
ependymomas are unique to NF2 and help distinguish the condition
from schwannomatosis
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Fig. 12 A 50-year-old woman with NF2 and large right lumbosacral
mass (long arrow) that is heterogeneous on coronal (a) and axial (b) T2
fat-suppressed (FS) and ADC map in addition to several intraspinal
enhancing lesions (short arrows on b and c¢). Solitary and syndromic
schwannomas in people with SWN or NF2 cannot be distinguished on
imaging or histologically, though SWN-associated schwannomas tend to
exhibit greater perilesional edema, intralesional myxoid change
manifested as T2-hyperintensity, and intraneural growth pattern when

kS
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compared with solitary schwannomas. MR imaging of the spine with
contrast should be performed given the predisposition to spinal
ependymomas, schwannomas, and meningiomas, which are also part of
the National Institutes of Health (NIH) diagnostic criteria. Sagittal T1-FS
post-contrast imaging through the lumbar spine (d) and axial T2- and T1-
weighted images through the L5 level show two intraspinal lesions (short
arrows on d) in addition to partially imaged peripheral mass (long arrow
on e)
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Fig. 13 A 43-year-old woman with plexiform PNSTs in the left thigh
(arrow) and left pelvis (arrow) visible on WB-MRI. The patient had no
evidence of vestibular schwannoma (VS) on high-resolution imaging
through the internal auditory canals and declined genetic testing. The
presence of multiple non-intradermal schwannomas in the absence of
bilateral VS and ependymoma meets diagnostic criteria for both mosaic
NF2 and SWN, a limitation of the current diagnostic criteria

Although patients with SWN develop symptoms in the
second or third decade of life, the median age of diagnosis
is approximately 40 years [86]. SWN is most frequently
sporadic, but approximately 20% of cases appear to be
inherited, as defined by one or more closely related family
members with at least one schwannoma [86].

In the largest case series to date that included 87 patients
meeting criteria for SWN, pain, typically not associated with a
mass, was the most common presenting symptom followed by
a palpable abnormality [83]. A family history of SWN was
present in only a small proportion of the patients [83]. Other
symptoms reported at presentation varied depending on the
anatomic location of the tumors, but included paresthesia,
weakness, and atrophy [83]. The natural history of SWN is
slowly being characterized, as it is a more recently recognized
syndrome, and the limited available data do not suggest a
decreased life expectancy; however there is a considerable
decrease in the quality of life due to pain.

Current imaging strategies for SWN

Radiologists play a central role in the diagnosis of SWN, with
high-resolution MR imaging of the brain, which is required to
be performed with and without contrast, with thin cuts (< 3 mm
and no interslice gap) through the IACs, to exclude bilateral VS
and distinguish this entity form NF2 [12, 83]. On imaging,
peripheral and CNS tumors are visualized, typically without
bilateral VS, (although germline SMARCBI and LZTR muta-
tion associated SWN can present with a unilateral VS and mul-
tiple other cranial nerve schwannomas) [6]. The presence of
multiple non-intradermal schwannomas in the absence of bilat-
eral VS and ependymoma meets criteria for both NF2 and
SWN and hence, in some cases the diagnosis cannot be made
without detailed molecular testing of both tumor tissue and
blood [86]. Localized MR imaging of the brain and spine are
utilized routinely. MR imaging of the brain can detect non-
vestibular cranial schwannomas and meningiomas and the ab-
sence of bilateral VS. In addition, MR imaging of the spine can
reveal spinal schwannomas frequently, most commonly ob-
served in the lumbar spine, followed by the thoracic spine,
and cervical spine, and the notable absence of ependymoma.

Whole-body imaging in SWN: Utility or futility?

WB-MRI can play an important role in the diagnosis of patients
with SWN for the detection of internal tumor burden [13—15,
24]. Both localized and WB-MRI can fulfill the presumptive
diagnosis of SWN based on the NIH criteria by detection of a
soft tissue mass with imaging appearance suggestive of PNST
(Fig. 13) [15]. In the largest clinical study of patients with
SWN, peripheral PNSTs, presumably schwannomas, were
present in most patients, most commonly located in the extrem-
ities [15]. In these patients, WB-MRI enabled characterization
of the anatomic extent or segmental distribution of disease [15].
In addition, WB-MRI data suggest that increased tumor volume
in patients with SWN correlates with increasing age [15]. While
intraspinal tumors are better assessed by localized MR imaging,
other spinal manifestations have been described by WB-MRI,
suggesting a small proportion of patients with SWN exhibit
scoliosis without other skeletal complications such as
pseudoarthrosis, sphenoid wing dysplasia, or bone cysts [15].
In a single WB-MRI investigation including DWI/ADC
mapping in people with SWN, internal PNSTs exhibited sim-
ilar imaging characteristics with heterogeneity on both non-
contrast and contrast-enhanced sequences and variable ADC
values ranging from 0.3 to 2.2 x 10> mm?%/s [24]. Although a
comparison between ADC values and SUVmax values was
not performed, the SWN-related PNSTs ranged in SUV from
2.1 to 11.7, suggesting heterogeneity in the tumor micro-
environment [24]. Given the high metabolic activity in benign
PNSTs by '®F-FDG -PET/CT in SWN, WB-MRI with func-
tional sequences is likely a more suitable technique for the
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assessment of disease burden, tumor characterization, and sur-
veillance [24, 87, 88].

Unlike NF2, MPNSTs have been reported in patients with
SWN; but, the overall lifetime risk is not well understood. In
the largest cohort of SWN patients described to date, three out
of 87 patients (3%) were misdiagnosed with MPNST (which
were all reclassified on subsequent neuropathologic review as
schwannoma or melanoma) [83]. Although the risk of SWN-
related malignancy is not clear yet, there is a perceived in-
creased risk in people with SWN associated with
SMARCBI1 mutations, and these patients may benefit form
serial imaging using WB-MRI for the monitoring of peripher-
al lesions [24]. Importantly, the incorporation of DWI/ADC
mapping in a WB-MRI protocol can be used to characterize
PNSTS as benign or malignant in SWN [24].

Conclusions and future directions

In NF1, NF2, and SWN, emerging technical advances, partic-
ularly WB-MRI as well as DWI/ADC mapping, in conjunc-
tion with clinical and genetic data, can potentially provide
insight into both disease severity as well as tumor behavior.
In the future, these multi-parametric imaging tools may im-
prove the diagnostic algorithm for disease surveillance and
management based on the unique expression of an individual
rather than the entire patient population. At this time, WB-
MRI incorporating both anatomic sequences and DWI/ADC
mapping is feasible and regularly utilized clinically in some
centers for the assessment of people with NF1, NF2, and
SWN, enabling simultaneous detection and characterization
of peripheral lesions. The potential qualitative and quantitative
biomarkers derived from WB-MRI, including WB PNST bur-
den and ADC values, may also play an important role for
prognostication of patients with these tumor predisposition
syndromes in the future as additional data about the positive
and negative predictive values of these techniques relative to
various clinically meaningful endpoints (such as prevention of
malignant conversion or neurologic disability) is determined.
Future investigations, including the correlation of these imag-
ing biomarkers with other clinical and genetic metrics to in-
form surveillance strategies, predict risk and outcomes and
better prognosticate patients for more precise management.
In the present, these approaches play a critical role in identi-
fying these rare tumor syndromes and as a part of a multi-
disciplinary surveillance program.
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